Abstract. Effect of Ag addition on the age-hardening response and precipitate microstructure of the Al-3.0Mg-1.0Cu (wt%) alloy has been investigated by micro Vickers hardness and transmission electron microscopy (TEM). The alloy compositions located in the (α+S+T) phase field of the Al-Mg-Cu phase diagram are known to be effective to harden in two stages separated by a distinct and often prolonged hardness plateau. The first stage of hardening occurs very rapidly (e.g. within 60 s at 443 K) and contributes to increase the hardness as much as 50 % of the total age-hardening. Trace addition of Ag changes the age hardening response of the Al-3.0Mg-1.0Cu alloy dramatically. In the Agadded alloy, the hardness change during the first stage of hardening is larger and the plateau stage is shortened as a result of the fast arrival at the second stage of hardness. The microstructure at the plateau stage of hardening for the Al-3.0Mg-1.0Cu alloy exhibits no clear evidence of any precipitates contributing to the first rapid hardening. On the other hand, lath-shaped S phase was observed at the peak hardness. In the Ag-added alloy, fine distributed precipitates were obtained from the beginning of age-hardening.
Introduction
It has been essential to consider ecology in industry, e.g. reducing CO2 exhaust and saving natural resources, when a factory makes products. Among several materials, aluminium alloys have been widely utilized because of their major advantages, such as low density, good corrosion resistance and good formability. Applications of aluminum products are increasing with time and expected to be enlarged worldwide in the future. In several aluminum products, transportation components are in a great demand. Al-Mg alloys have been utilized as a light-weight body sheet material for automobiles due to their well-balanced properties of mechanical strength, ductility and press-formability. Although these alloys are non-heat treatable, their strength can be increased by the addition of copper because Al-Mg-Cu alloys give rise to precipitation strengthening phenomena [1] . This improvement partially meets the requirement of manufacturing processes in which good age-hardenability during a paint-bake treatment at ~170 ℃, termed as a bakehardening (BH) response ( Fig. 1) , is favorable to prevent "bake-softening" occurring in Al-Mg alloys. Aside from the more numerous studies of Al-Cu-Mg alloys, some attention has also been paid to the Al-Mg-Cu alloys (closely related to 5000 series aluminum alloys). Recently, Ringer et al. have investigated the agehardening response of Al-Mg-Cu alloys. Al-Mg-Cu alloys are suitable for body sheet material for automobiles, although their commercialization has been limited due to the fact that their tensile strength are no greater than alloys containing less Mg at 150-200℃. The age-hardening characteristics are very similar to those for the alloys containing less Mg and little work has been completed on the Al-Mg-Cu alloys to take advantage of them. According to the classical studies [2] [3] , the strengthening of Al-Mg-Cu alloys is based on a precipitation hardening through the sequence as follows:
where SSSS is the supersaturated solid solution. Cu/Mg clusters are considered as precursors to the Guinier-Preston-Bagaryatsky (GPB) zones. In Al-Mg-Cu alloys, hardening occurs in two distinct stages separated by a plateau. The first stage of hardening occurs very rapidly (e.g. within 1 min at 170 ℃) and contributes to increase hardness as much as 60 % of the total age-hardening. The small addition of some alloying elements has been recognized to be effective to control precipitate microstructures and alloy properties [4] [5] [6] [7] . According to the several works, the small addition of Ag is extremely effective to improve age-hardening response of the Al-Mg-Cu alloy [8] [9] [10] although the detail has not been investigated. The objective of this study is to gain understanding about the precipitates forming in Al-Mg-Cu(-Ag) alloys and the effect of Ag addition by means of hardness measurements and transmission electron microscopy (TEM) investigations in order to achieve high mechanical property. 
Experimental
Two alloys named as Base and Ag-added are used in this study. Their chemical compositions are listed in Table 1 . The specimens were solution treated in a salt bath at 520 ℃ for 0.6 ks, followed by iced-water quenching and kept for 60 s. These specimens are called as as-quenced (A.Q.) alloys in this paper. The artificial aging treatment was carried out in an oil bath at 170 ℃ for various times. Schematic illustration of heat treatment process is shown in Fig. 2 . After aging treatment, micro Vickers hardness was measured with a load of 500 g for 15 s using Mitsutoyo HM-102. Differential scanning calorimetry (DSC) was carried out using a Rigaku equipment of DSC8230 with 40 mg of pure Al (99.99 %) as a reference under an argon atmosphere with a heating rate of 0.167K/s. The range of temperature for the DSC measurement was set from 223 to 773 K using a liquid nitrogen controller. Electrical resistivity measurements were also performed by a four-probe method with the specimens prepared as wires with the diameter of 1.0 mm and the gage length of 300 mm. Precipitate microstructure was investigated by TEM in bright-field mode using Philips CM30 operated at 150 kV with a double-tilt holder. Table 1 Chemical compositions of alloys in wt%. 
Hardness Changes During Aging
The results of micro Vickers hardness changes during aging at 170 ℃ are shown in Fig. 3 . In both alloys, a marked increase of the hardness occurs in the initial stage, the first stage of hardening, and then, the hardness remains almost constant for a long time, the plateau stage, finally, the hardness reaches the peak, the second stage of hardening. In the Ag-added alloy, the hardness change during the first stage of hardening is larger and the plateau stage is shortened as a result of the fast arrival at the second stage of hardening. Trace addition of Ag is extremely effective to improve the age-hardening response of the Base alloy. Fig. 3 . Age-hardening response for the Base and Ag-added alloy aged at 170℃.
Electrical Resistivity Increment During Aging
The precipitation behavior of Al-Mg-Cu(-Ag) alloys can be followed by DSC as well as electrical resistivity measurements. Electrical resistivity is sensitive to microstructures of an alloy, even if the thermal reaction is small. Figure 4 shows the electrical resistivity increment, ⊿ρ, during aging at 443 K in both alloys. Although various elements affect the electrical resistivity, the electrical resistivity, ρ, of alloys containing solute elements, GP zones or precipitates is generally described by the following equation.
ρ0 is the contribution to the electrical resistibility due to the phonon scattering in aluminum. ρs is the residual resistance of the solute atoms in the matrix. ρp is the contribution to the electrical resistivity by precipitates. Since ρ0 is originated in the lattice vibration of aluminum, it does not change during isothermal aging treatment only depending on temperature. ρs is dependent on the solute concentration in the matrix. Since the solute concentration decreases with the progress of the phase decomposition, this value decreases with aging time, and if it reaches the balanced solute concentration at the temperature, it will turn into a certain value. Although ρp is 0 in a perfect supersaturated solid solution, it changes with the formation of solute clusters and is given by the product of a function of the number density N and size D , G (D).
Since the contribution by the increase in the number density of clusters and GP zones is large in the early stage of the phase decomposition, electrical resistivity dramatically increases and then, the number density of GP zones markedly decreases, resulting in the decrease in the resistivity even the average size becomes increased. Then, the electrical resistivity change generally shows a maximum by those balances.
Electrical resistivity increment during aging at 443 K has good agreement with the change of hardness (Fig. 3) . Since the contribution by the increase in the number density of nanoclusters and GP zones is large in the early stage of aging, electrical resistivity dramatically increases. Then the number density of GP zones markedly decreases resulting in the decrease in the resistivity even the average size of the GP zones becomes large. Finally, the electrical resistivity change generally shows a maximum by the balance of those factors. The rapid fall of resistibility after prolonged aging is due to the formation and growth of precipitates. Time to maximum resistivity is reduced by small addition of Ag. In Ag-added alloy, the resistivity falls more rapidly comparing to Base alloy. 
DSC Analysis
DSC is an analytical technique that enables the heat effects associated with transformation reactions in a material to be detected. The analysis is an appropriate method to determine the precipitation and dissolution reactions in the as-quenched and aged conditions of the alloy. Figure 5 shows a process of DSC measurement. By using DSC method, heat flow curves are obtained. The precipitation behavior of Al-MgCu alloys can be followed by DSC as well as electrical resistivity measurements. Electrical resistivity is sensitive to microstructures of an alloy, even if the thermal reaction is small. On the other hand, by using DSC method, the number, positions and the area of the peaks are obtained. Those factors are related to the formation rate of precipitates, the types of precipitates and the amount of precipitates which are formed during heating by DSC.
DSC curves for the Base and Ag-added alloys aged at 170℃ for various times are shown in Fig. 6 . During heating subsequently after water quenching, exothermal peak (peak A) appears at around 370 K in both alloys. It suggests that nanoclusters are formed during heating by DSC. In both alloys, this peak is disappeared after aging treatment for 5 min at 170℃. Since nanoclusters are already formed after aging treatment for 5 min, peak A is not observed during heating by DSC. The size of Peak A of the Base alloy is more pronounced than that of the Ag-added alloy in the asquenched condition, resulting in that the size of Peak C of the Base alloy is more pronounced than that of the Ag-added alloy. Furthermore, the position of peak A is shifted to higher temperature in the Ag-added alloy. It is suggested that the formation of nanoclusters is delayed and the amount of nanoclusters is reduced by Ag-addition. However, in the Ag-added alloy, hardness increment in the initial stage of hardening is much larger than that of the Base alloy. Accordingly, although the amount of nanoclusters is reduced, different type of nanoclusters which is more effective to increase hardness is formed by Agaddition.
Around 220-250 ℃, endothermal peak (peak B) is observed in both alloys. It suggests that nanoclusters are dissolved into matrix of the alloys at around 220-250 ℃. In Ag-added alloy, there are almost no endothermal peaks in the as-quenched condition. After aging for several times, endothermal peak is observed however the area of the peak is smaller than that of the Base alloy, suggesting that thermal stability of nanoclusters is improved by the addition of Ag. Above 350 ℃, exothermal peaks appear in both alloys. According to the microstructural observation by TEM (section 3.4), peak C in the Base and Agadded alloy respectively due to another precipitate formation. Peak D is assumed to due to the formation of S phase. It is considered that in the Ag-added alloy, even the amount of precipitates is much smaller than that of the Base alloy, the shape, size and distribution of precipitates are extremely appropriate to improve the age-hardenability of the alloy. The detail of microstructure of both alloys will be discussed in next section. Figures 7 and 8 show microstructures for the Base and Ag-added alloys aged at 170℃. Figure 7 shows TEM microstructures for the Base alloy aged at 170℃ for various aging times. During the plateau stage of hardening ( Fig. 7(a) ), there is no clear evidence of any precipitates. On the other hand, the microstructures at the end of plateau stage consist of rod-shaped Guinier-Preston-Bagaryatsky (GPB) zones and the lath-shaped S' (or S) phase (Fig. 7(b) ). At the peak hardness, a large amount of the S' phase are heterogeneously observed on dislocations (Fig. 7(c) ). It is suggested that the strengthening phase at the second hardening stage is S' (or S) phase in the Base alloy. Also square cross section of unknown phase is observed. In Fig. 7(c) , there are (i) GPB zones, (ii) S' phase and (iii) unknown phase. HAADF-STEM analysis revealed the structure of the unknown phase (Fig. 9) . The phase has cubic structure and we identified it as Z phase [11] . Figure 10 shows Nanobeam electron Diffraction (NBD) patterns (a) along precipitate needle length and (b) perpendicular to the needle for the phase. Those patterns doesn't fit with the diffraction pattern of T phase but fit with those of Z phase. Z phase was first reported by Chopra et al. [11] . It was found in overaged (2400 hours at 170 °C) Al-1.5wt% Cu-4.0wt% Mg-0.5wt% Ag alloy. It has been known that trace addition of Ag promotes fine distributed precipitate of Z phase in Al-Cu-Mg ternary alloys [12] however it was found in Ag-free alloy in this study. In this study, Z phase appeared after the prolonged aging and it might contribute to increase the hardness of the Base alloy. On the other hand, the origin of the first rapid hardening has not been clearly observed. It is considered that the rapid hardening is attributed to solute clustering rather than to the formation of GPB zones or Z phases. This rapid hardening phenomenon (RHP) has been termed as "cluster hardening" [13, 14] . However some researchers propose the dislocation-solute atom interaction [15, 16] as the origin of RHP. And some researchers reported that the S phase which nucleates heterogeneously on dislocations is responsible for the rapid hardening [17] . There is still no unified interpretation. Figure 8 shows TEM microstructures for the Ag-added alloy aged at 170℃ for various aging times. The trace addition of Ag drastically changes the microstructure. In contrast to the Base alloy, fine distributed precipitates were obtained from the beginning of age-hardening ( Fig. 8(a) ). At the peak hardness ( Fig. 8(b) ), dense and homogeneous distribution of fine particles is obtained. The dispersed precipitates are present here as the major constituent although lath-shaped S' (or S) phase has not appeared after prolonged aging (Fig. 8(c) ). HAADF-STEM of the precipitates indicates disorder (Fig. 11(a) ). FFT from local regions (here Al〈112〉zone), shows 5-fold intensity distribution (Fig. 11(b) ). The IFFT shows they could be overlaid by periodic stacks of pentagons, reminiscent of the Laves T-(Mg32(Al, Ag)49) phase (Fig. 11(b) )18). BIt was found that by small addition of Ag, formation of T phase is promoted this phase contributes to improve age-hardenability of Al-Mg-Cu alloy. The mechanical properties of Al-Mg-Cu alloy will be much improved by controlling optimum alloy compositions and microalloying elements to be more suitable in the industrial process.
Microstructure Investigation

Base Alloy
Ag-Added Alloy
The precipitation sequence leading to the formation of S phase is well investigated in Al-Mg-Cu based alloys. In contrast, the precipitation sequences of the T and Z phase are less clear. The BCC T phase (Mg32(Al,Zn)49) is known to contain 162 atoms in its unit cell, and 98 of these have nearest neighbor atoms arranged in icosahedral coordination shells. Both the T and the Z phases possess a periodic icosahedral arrangement in contrast with the quasiperiodic icosahedral arrangements [18, 19] . The formation mechanism of the Z phase and the structural correlation between the T phase and the Z phase remain to be fully understood. In this study, individual precipitates of the Z and T phases have been found in the AlMg-Cu and Ag-added alloys respectively. Al-Cu-Mg system, trace addition of Ag promotes formation of three new and quite different precipitates depending on the Cu:Mg ratio (Table 3) [11, 12, 20] . However those alloys contain impurity elements such as Mn, Fe and Si and the alloys which are developed from elemental components of high purity have not been studied well. Those impurity elements might affect the formation behavior of nanoclusters in the initial stage of age-hardening and change precipitate microstructure after prolonged aging. Further investigation is needed. 
Conclusion
Age-hardening response of the Al-Mg-Cu (-Ag) alloys was investigated using hardness measurement and TEM observation. The obtained results are summarized as follows: (1) The Al-Mg-Cu alloy shows three stages of age-hardening reactions, the first hardening stage, plateau stage and second hardening stage. It is understood that the first, plateau and second stages are attributed to the nanocluster formation, the incubation period and the formation of precipitates (S' or S phase), respectively. (2) In the Ag-added alloy, a dense distribution of fine precipitates of the T phase is observed from the beginning of the age-hardening. By small addition of Ag, formation of T phase is promoted and agehardening response is much improved.
